Using QCD sum rules and chiral SU(3) model, we investigate the effect of temperature, density, strangeness fraction and isospin asymmetric parameter on the shift in masses and decay constants of the pseudoscalar D and B meson in hadronic medium, which consist of nucleons and hyperons. The in-medium properties of D and B mesons within QCD sum rule approach depend upon the quark and gluon condensates. In chiral SU(3) model, quark and gluon condensates are introduced through the explicit symmetry breaking term and the trace anomaly property of the QCD, respectively and are written in terms of scalar fields σ, ζ, δ and χ. Hence, through medium modification of σ, ζ, δ and χ fields, we obtain the medium modified masses and decay constants of D and B mesons. As an application, using 3 P 0 model, we calculate the in-medium decay width of the higher charmonium states ψ(3686), ψ(3770) and χ(3556) to the DD pairs, considering the in-medium mass of D mesons. These results may be important to understand the possible outcomes of high energy physics experiments, e.g., CBM and PANDA at GSI, Germany.
I. INTRODUCTION
Quark gluon plasma, which is believed to be the free state of quarks and gluons is one of the most interesting topic of present day hadronic physics. Full understanding of this state can reveal the hidden myth behind the origin of our present day universe and transformation of QGP phase to the hadronic phase. On-going heavy ion collision experiments e.g, Large
Hadron Collider (LHC), Relativistic Heavy Ion Collider (RHIC) and the future Compressed Baryonic Matter (CBM) experiment are intended to explore the QCD phase diagram at different values of temperature and density. The LHC and RHIC experiments which work on the condition of high temperature and low dense medium and is compliment to future experiment, CBM, have interpreted the production of QGP [1, 2] . At such extreme conditions, hadrons melt and quarks and gluons can roam freely in the medium. Direct investigation of this state is difficult due to its existence for short interval of time [3] .
Many proposals have been developed to observe the creation of QGP in heavy ion collision experiments [3] . Famous signals of QGP are strangeness enhancements in heavy ion collisions as suggested by the Capella and Soff [4, 5] , jet quenching in the parton energy loss formulated by the Bjorken [6] , enhancements in dileptons spectra in nucleus-nucleus collisions observed in HELIOS and DLS [7, 8] , and in heavy ion collisions [9] . Beauty of the dileptons is the least interaction with the medium and these dileptons can give us an undistorted information about QGP medium. Apart from these, the phenomenon J/ψ suppression observed in heavy-ion collision experiments [10] [11] [12] [13] [14] can also be a signature of the formation of QGP as was proposed first by Matsui and Satz [15] . However, not all of the observed J/ψ suppression in nucleus-nucleus collisions is due to QGP formation [16] . As mentioned in [17] , J/ψ suppression may be because of co-movers interactions or by inelastic scattering of J/ψ with surrounding nucleons [18] . Nuclear dependence of D mesons can also alter the J/ψ suppression observed by NA50 collaboration [10, [19] [20] [21] [22] . In a similar way, nuclear dependence of B mesons can also interfere the Υ suppression in heavy ion collision experiments.
In addition to J/ψ suppression, in-medium properties of D mesons can also reveal about the existence of D−mesic nuclei [23] . Another peculiar thing about the D meson is about its mass which is 1869 MeV in vacuum and it is much more than the sum of the masses of its constituents which depicts that the Higgs mechanism of mass generation in the standard model is of little importance in an explanation of the mass of the matter around us [24] .
The excess mass of hadrons are considered as a result of interaction of quarks and gluons with the ground state of QCD which is populated with quark and gluon condensates, and to spontaneous breaking of chiral symmetry. To understand the medium modification of D mesons it is important to understand their production and its collective flow in the medium. It became possible due to the experimental facility at Jefferson Lab, USA [25] , in which CEBAF accelerator is used to produce the continous beam of electrons and these are [27] [28] [29] . The QCD sum rules were used in [30] [31] [32] [33] [34] [35] to evaluate the masses and decay constants of D and B mesons at finite density of nuclear matter. Within QCD sum rules, the in-medium properties of heavy mesons are expressed in terms of quark and gluon condensates and in-medium modification of these condensates lead to medium modification of the properties of heavy meson. In [36, 37] , using QCD sum rules and chiral SU(3) model [38] , we investigated the properties of scalar, vector and axial-vector D and B mesons at finite density and temperature of the hadronic matter. The medium modified values of quark and gluon condensates were calculated using chiral effective SU(3) model and these were further used as input in the QCD sum rules to evaluate the properties of D and B mesons.
This strategy help us to calculate the properties of heavy mesons at finite density and temperature of medium, for different values of isospin asymmetry and strangeness fraction. In the present paper, our objective is to calculate the in-medium masses and decay constants of pseudoscalar D and B mesons by using again chiral SU(3) model and QCD sum rules [33] . Further, we will use the in-medium masses of pseudoscalar D mesons to calculate the in-medium partial decay width of higher charmonium states χ(3556), ψ(3686), ψ(3770) to DD pairs by using 3 P 0 model [39] and shall discuss its possible implications on the J/ψ suppression.
Higher charmonium and bottomonium states are considered as main source of the J/ψ and Υ states, respectively. If the mass of D (B) mesons decrease in the medium then higher charmonium and bottomonium states may decay to DD and BB pairs, respectively, instead of decaying to ground state charmonium (bottomonium) states. Therefore, the drop of mass of D and B mesons may cause J/ψ and Υ suppression in heavy ion collision experiments.
Thus, the decay of higher charmonium and bottomonium states play an important role for the better understanding of the non-perturbative regime of QCD. Many models have been developed in the past to study the decay widths of hadrons e.g., hadrodynamic model in which hadrons are described as elementary point-like objects [40] , elementary emission models in which mesons are treated as extended objects [41, 42] but the decays occur via elementary meson emission, and elementary meson emission model in which emitted meson is considered as an elementary particle coupled to the quark [43, 44] .
The study of the decay widths of higher charmonium states is also important as a fact that it can be directly measured through the spectrum of dileptons of pĀ and AA reactions in different heavy ion collision experiments [39] , and this can be taken as a helpful tool to validate the phenomenological methods. To achieve this task many pair creation models were proposed like 3 S 1 model (quark-antiquark pair is created from the gluon emitted by a quark of the original meson) [45] , flux tube model [46] and 3 P 0 model in which hadron decay proceed through thepair with vacuum quantum numbers i.e., J P C = 0 ++ [47] . As far as production of quark and anti-quark is concerned in Ref. [48] time-like part of the vector Lorentz confining interaction was considered as main reason for theproduction whereas, in Ref. [49, 50] theproduction was suggested through the gluon exchange and scalar confining interactions. Further, the spin orbit splitting observed in the heavy quarkonium, predicted a scalar confinement potential [51, 52] , while in the study of decay widths of P −wave D mesons, the mixture of scalar and vector potential was used [53, 54] .
The outline of the paper is as follows: In section II, we discuss the chiral SU(3) model to calculate the in-medium scalar fields and use it to compute in-medium quark and gluon condensates. In section III, we describe the QCD sum rules to solve the in-medium masses and decay constants of D and B mesons. In section IV, we briefly discuss 3 P 0 model to calculate the medium effects on the decay of higher charmonium states ψ(3686), ψ(3770) and χ(3556) to the DD pairs, by considering the medium effects of the D meson mass. In section V, we present the results and discussions of the present work and finally in section VI we shall give a brief summary.
II. CHIRAL SU(3) MODEL
Chiral SU(3) model is an effective theory applied in non-perturbative regime of QCD [38] . It is based on the nonlinear realization and broken scale invariance properties of chiral symmetry [55] . Within model we have a general Lagrangian density which consists of a kinetic energy term, baryon meson interaction term which produce baryon mass, selfinteraction of vector mesons which generates the dynamical mass of vector mesons, scalar mesons interactions which induce the spontaneous breaking of chiral symmetry, and the explicit breaking term of chiral symmetry. This Lagrangian density can be solved by using mean field approximation under which only the scalar and vector fields contribute to the baryon meson interactions and for all other mesons the expectation values become zero [38, 56] . From the Lagrangian density, using Euler Lagrange equation of motion, we obtain coupled equations of motion for the scalar fields σ, ζ, δ and scalar dilaton field χ [36] . We solve these coupled equations of motion using mean field approximation for the different value of strangness fractions f s , isospin asymmetric parameter I, temperature T , and, density ρ B of the medium.
The strangeness fraction is defined as f s =
, here s i is the number of strange quarks, ρ i is number density of i th baryon and isospin asymmetric parameter is defined as
here ρ n and ρ p denote the number density of neutrons and protons, respectively, and, ρ B is the total baryonic density [57] . 
where (m π , f π ) and (m K , f K ) represents the (mass, decay constant) of π and K meson, respectively. The dilaton field χ is introduced to break the scalar invariance property of QCD. In eq. (3) χ 0 denotes its vacuum value, parameter d is a constant having value 2/11, determined through the QCD beta function at one loop level for three colors N c and three flavors N f [38] .
III. QCD SUM RULES FOR D AND B MESONS
The present section is devoted to give an understanding of QCD sum rules used to investigate the masses and decay constants of pseudoscalar D and B mesons in isospin asymmetric strange hadronic matter at finite temperature and density [33] . As we will see below the mass shift and decay shift of heavy pseudoscalar mesons will be expressed in terms of quark and gluon condensates. In QCD sum rule, we start with two point correlation function Π(q), which is the Fourier transformation of the expectation value of the time-ordered product of isospin averaged current J 5 , i.e., we write [33] 
is the four coordinate and q µ = (q 0 , q) is four momentum. The spinisospin averaged current J 5 is defined by
where q is for light quark u or d and c is for charm quark. Note that we are averaging the current of particles and antiparticles i.e., D andD mesons. This can be understood as follows:
The [31] [32] [33] . As we will see later, this will enable us to find the mass-splitting between the isospin doublets due to isospin asymmetry of the medium at finite density and temperature. The even and odd part of QCD sum rules were used in Ref. [35] to calculate the mass splitting between D andD mesons. For B meson, charm quark c will be replaced by the bottom b quark.
The two point correlation function given by eq. (4) can be divided into the vacuum part, a static one-nucleon part and pion bath contribution, i.e., [33, 58, 59] .
where T N (q) is the forward scattering amplitude [33] . The purpose of third term i.e., pion bath term was to consider the contribution of the finite temperature of the medium [58, 59] .
In our present investigation we take the contribution of finite temperature of the medium through the temperature dependence of the scalar fields σ, ζ, δ and dilaton field χ calculated through the chiral SU(3) model. We have successfully used above idea to calculate the temperature dependence of the masses and decay constants of vector and axial-vector D and B mesons [36] . The temperature dependence of the optical potentials of kaons, D and B mesons have been calculated using the scalar fields σ, ζ, δ and dilaton field χ in [57, 60] .
In the limit q → 0, the forward scattering amplitude T N (ω, q) can be related to forward
where a D is the DN scattering length. The phenomenological spectral density ρ(ω, 0) can be parametrised into three unknown parameters a, b and c as given below [61] ,
The first term in above equation denotes the double-pole term and corresponds to the onshell effects of T-matrices,
The second term in eq. (8) The shift in mass and decay constant of D and B mesons can be written as [33] 
and
respectively.
From eqs. (9) to (11) we see that to find the mass shift and decay shift, we need to find the unknown parameters a and b. The unknown parameters are eliminated by equating the Borel transformed forward scattering amplitude T N (ω, 0) on the phenomenological side with the Borel transformed forward scattering amplitude T N (ω, 0) in operator product expansion side. Finally, we obtain a relation between parameters a and b and the quark and gluon
The nucleon expectation values of quark and gluon condensates appearing in OPE side of above equation can be calculated by using
where O ρ B gives the expectation value of the operator at finite baryonic density. The term O vacuum stands for the vacuum expectation value of the operator, O N give us the nucleon expectation value of the operator and O P.B. denotes the contribution from the pion bath at finite temperature. Also, n B and n F are the thermal Boson and Fermion distribution functions and are given by e E k /T − 1 −1 and e (Ep−µ N )/T − 1 −1 , respectively. As discussed earlier, the finite temperature effects in the present investigation will be evaluated through the scalar fields and therefore contribution of third term will not be considered [37] . Thus, within chiral SU(3) model, we can find the values of O ρ B at finite density of the nuclear medium and hence can find O N using
The values of light quark condensate <> ρ B and the gluon condensate
are calculated using eqs. (1) to (3) . Also, <qg s σGq > ρ B and <qiD 0 iD 0 q > ρ B can be approximated in terms of <> ρ B [36, 37] . We differentiate eq. (12) IV. THE 3 P 0 MODEL
Now we outline the 3 P 0 model used in the present work to calculate the in-medium strong decay with of higher charmonium states into DD pairs [47, 62, 63] . The 3 P 0 model is a quarkantiquark pair creation model in which various transitions can be studied using the pair creation strength parameter γ and oscillator parameter β which are fitted to experimental values. As was said earlier, in the 3 P 0 modelpair is created in the vacuum which combine with theof parent meson A at rest decaying to B and C mesons. The invariant matrix element for the particular type of decay A → B + C is expressed as [39, 43] 
where, k q − k B and k B − k q represent the momentum of heavy quark and anti-quark of A meson such that total momentum of meson A is zero. The meson C take a anti-quark of momentum k q − k B of A meson and one quark of momentum k q from 3 P 0 pair such that its total momentum is −k B . Similarly, the momentum of quark and anti-quark composing B meson will be k q and k B − k q , respectively so that total momentum of B meson is k B .
The term in the square bracket represents the wave function ofpair produced in vacuum.
We take the harmonic oscillator potential for the bound state of wave function [39, 43] .
Considering the nodal structure of the wave function of the mesons φ, we use the method of change of variable i.e., momentum in the following way,
While doing so we allow the parent and daughter mesons to have a different sized wave functions by defining a variable r = α/β, here α and β represent the strengths of the initial and outgoing meson wave functions respectively [48, 49, 54] . [39] .
In the present problem for the different size of initial and final meson wave functions the resulting decay rate for the different charmonium decaying to DD rates of can be represented
Here,
In the above equations, parameter γ represents the strength of the 3 P 0 vertex and calculated by fitting the experimental value of Γ(ψ(3770) → DD) and comes out to be 0.281 [39] . We will incorporate the medium modified mass of D meson in the above equations and will calculate the decay width of charmonium states to DD pairs.
V. RESULTS AND DISCUSSION
In section V A we will discuss the result of our present work on the in-medium masses for baryonic densities ρ 0 and 4ρ 0 . The in-medium mass shift are given for isospin asymmetric parameters I = 0 and 0.5, strangeness fractions f s = 0 and 0.5 and temperatures T = 0 and 100
MeV. corresponding to these quarks depend upon the scalar field σ which in turn is more sensitive to isospin asymmetry of the medium as compared to strangeness fraction. On the other side, the strange isoscalar field ζ, which have strange quark content, changes appreciably as a functions of strangeness fraction of the medium as compared to isospin asymmetry. For example, at temperature T = 0 and isospin symmetric parameter I = 0, as we move from f s = 0 to 0.5, the value of ζ field changes by 2.7% and 14% at baryonic densities ρ B = ρ 0 and ρ B = 4ρ 0 , respectively, whereas for σ field observed changes are nearly 3.5% and 1.6%, respectively. However, for fix value of strangeness fraction say f s = 0, at ρ B = ρ 0 and T = 0, as I is changed from 0 to 0.5, the values of σ and ζ changes by 1.3% and 0.17%, respectively at ρ 0 , whereas at 4ρ 0 these values shift to 10% and 0.36%, respectively.
At finite baryonic density, the finite temperature of the medium is observed to cause an increase in the values of masses and decay constants of pseudoscalar D and B mesons. For example, in symmetric nuclear matter, at density ρ 0 , the percentage increase in the values of the masses of D + and D 0 (B + and B 0 ) mesons are observed to be 0.5% and 0.7% (1.6% and 1.2%), whereas, percentage increase in decay constants are observed to be 0.4% and 0.9% (6.8% and 4.7%), respectively, as we increase the temperature of the medium from 0 to 100 MeV. This happens because, at finite density, the drop in the σ and ζ fields from vacuum value is less at finite temperature of the medium as compared to zero temperature and therefore, the magnitude of σ and ζ fields will increase as one move from zero to finite temperature of the medium. For example, in symmetric nuclear matter, at baryonic density ρ B = ρ 0 , with change of temperature from T = 0 to 100 MeV, the magnitude of scalar field σ increase by 7.1%, whereas for ζ field, the increase in magnitude is about 1% which is consistent with the results of Ref. [64] in which the chiral quark mean field model was used to compute the in-medium properties of baryons through the scalar fields σ and ζ. The results on the in-medium masses and decay constants of D and B mesons discussed above consider the contribution of next to leading order (NLO) term to the scalar quark condensateqq [33] . However, if we consider only the leading order (LO) term, then there will be less drop in the masses and decay constants of D and B mesons as can be see from tables III and IV. In these tables we also tabulate the values of mass shift and decay shift considering the contribution of scalar light quark condensatesonly. We observe that the contribution of all other condensates to in-medium properties is very small as compared to. For example, in symmetric nuclear medium, at ρ B = ρ 0 and T = 0, if we keeponly in the operator product expansion side of QCD sum rules, and put all the other condensates equal to zero then the shift in mass of D + meson changes by 11% to its original value. Also, in the present work, except the condensate q † iD 0 q N , the all other condensates MeV for D − meson was observed at nuclear matter density in Ref. [66] . In Ref. [67] On the other hand, using QCD sum rule and maximum entropy method authors observed the shift in mass of D + (D − ) mesons of about 23 (38) MeV [68] , at nuclear saturation density.
In Ref. [31] , shift in mass of D meson had been studied using QCD sum rules in symmetric nuclear matter at zero temperature and the observed mass shift was -65 MeV. In Ref.
[35] 
B. Shift in decay width
Now we investigate the effects of above discussed medium modified masses of D meson on the in-medium decay width of the charmonium ψ(3686), ψ(3770) and χ(3556) to DD pairs.
In the present investigation, we neglect the medium modification of higher charmonium states, however, at last we shall also discuss the implications of medium modification of these states. Figure 5 shows the variation of partial decay width of ψ(3686) state decaying into DD mesons as a function of density of the hadronic medium. We represent the decay width for the strangeness fractions f s = 0 and 0.5, isospin asymmetric parameter I = 0 and 0.5, and temperatures T = 0 and 100 MeV. For a given value of temperature and isospin asymmetry of the medium, initially for very low baryonic density the decay width of charmonium ψ(3686)
to DD pairs remain zero and then start increasing with increase in the density of the medium, upto certain value of density beyond which it start decreasing with further increase in the density. The zero value of decay width at low baryonic density is because the threshold value of DD pair is more than the mass of ψ(3686). However, with increase in density, the mass of D mesons start decreasing and the in-medium threshold value of DD pair falls below the mass of ψ(3686). This result in the finite decay width of ψ(3686) to DD pair. When we move from nuclear to strange hadronic medium, the decay width of ψ (3686) to D + D − increase with increase in f s below 2ρ 0 , whereas above 2ρ 0 , increase of f s causes decrease in the decay width. This is because as a function of f s the mass of D + meson decreases and above 2ρ 0 the decrease is so much that nodal structure of wave-function comes into play and this causes more decrease in the decay width at finite f s as compared to f s = 0. From the above discussed results on charmonium decay width in nuclear medium we observe that the internal structure of D mesons play an important role [39] because of which the decay width first increase with density and then start decreasing. Mere the level crossing of DD threshold i.e., the decrease of in-medium mass of DD pair below the mass of ψ(3686) or ψ(3770) does not guarantee for the decay of charmonium to DD pairs and hence, the decrease in the yield of J/ψ mesons due to decay of higher charmonium states. However, if one does not take into account the internal structure of D mesons and consider them as a point particle then the expression of partial decay width for ψ(3770) can be expressed as
where the coupling constant g 2 ψDD has the value 15.4 [39] . The values of Γ DD (ψ(3770)) calculated using above expression will be very large as compared to the calculations of 3 P 0 model due to available phase space. For example, in symmetric nuclear medium, at T = 0
MeV and density 2ρ 0 , we observe the decay width as 540 MeV, whereas at finite temperature (T = 100 MeV), this value reduces to 489 MeV.
In fig. 7 , we plot the in-medium decay width of χ(3556) state into DD pairs as a function of density of the hadronic medium. We observe that above certain value of baryonic density, In the above calculations, while calculating the decay width of charmonium states we have not considered the medium modification of charmonium masses. In [27] , the in-medium decay widths of charmonium states were calculated using medium modified masses of D mesons and charmonium states and results were compared with the situation when charmonium modification was neglected. The in-medium masses of D mesons were calculated in [27] using the generalized chiral SU(4) model, whereas in our present work we used QCD sum rules for calculating the medium modified masses of D mesons. At higher baryonic densities larger drop in the masses of D mesons was observed within SU(4) model as compared to the calculations using QCD sum rules of present work and this results in zero decay width of ψ(3686) and ψ(3770) at 4.5ρ 0 and 2.8ρ 0 , without considering medium modifications of charmonium masses in [27] . However, no node was observed when the medium modified charmonium masses were considered along with modification of D mesons [27] . In [39] the charmonium decay width were calculated considering the medium modification of D mesons and it was observed that the nodes in the decay of ψ(3686) and ψ(3770) will be observed when the D mesons undergoes a mass shift of about −200 and −250 MeV, respectively.
However, there was no reference for the density of the medium at which above mass shift will take place. From our present work within chiral SU(3) model and QCD sum rules and its comparison with earlier work shows that the drop in the masses of D mesons at higher values of baryonic density is sensitive to the model calculations. Since the medium modifications of decay width of charmonium states are found to be very sensitive to the medium modification of D mesons masses and therefore, it is important to explore experimentally the densities at which above much mass shift of D mesons will occur. The CBM experiment of FAIR project, where hadronic matter at high baryonic densities may be produced, may remove the above uncertainties in the calculations within different models.
In addition to the decay of charmonium to DD pairs, there can be contribution to decay width through the scattering of charmonium by nucleons e.g., ψ + N → Λ c +D. For ψ(3686) decay width is written as [39] Γ N = 1 τ = σ abs (ψ(3686) + N )v rel ρ B ,
where σ abc (ψ3686 + N) is the cross section of ψ(3686) state with nucleon and has value ≈ 6mb and v rel represents the average relative velocity of nucleons in the initial state. In the rest frame of medium v rela is given by v rel = In future, it will be interesting to investigate the effects of medium modification of B mesons calculated in the present work on the in-medium decay width of bottomonium states.
Also, the medium modifications of pseudoscalar charm strange and bottom strange mesons and their in-medium decay width will be investigated in near future.
VI. SUMMARY
In short, in the present investigation, we studied the in medium modification of the masses and decay constants of the pseudoscalar D and B mesons in isospin asymmetric strange hadronic medium at finite temperature using the chiral SU ( 
